Dihydrofolate reductase (DHFR) catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofolate (THF) using NADPH as a cofactor. THF and its derivatives serve as cellular cofactors for one-carbon transfer reactions involved in the synthesis of nucleotides such as purines and thymidine, amino acids such as methionine and glycine, and various other metabolites. Trimethoprim is a potent inhibitor of *Escherichia coli* chromosomal DHFR (EcDHFR) and has been widely used as an antibacterial drug. The gene encoding R67 DHFR, carried by an R-plasmid, confers resistance against trimethoprim. Recent clinical isolates of *E. coli* causing urinary tract infections have the gene encoded in class I integrons flanked by other drug resistance genes.^[@ref1]^ There are no antibiotics that target R67 DHFR, though promising leads have recently been discovered.^[@ref2],[@ref3]^ This type II DHFR (78 amino acids long) is genetically and structurally unrelated to EcDHFR. R67 DHFR is a homotetramer, and each monomer has five antiparallel β-strands that assemble into a dimer with a six-stranded β-barrel at the subunit interface. Using loop--loop interactions, two dimers assemble into a tetrameric "doughnut" with a single active site pore.^[@ref4]^

Numerous experiments indicate the 16--20 N-terminal residues of R67 DHFR are disordered and can tolerate various sequences. For example, several disorder predictors indicate the N-terminal sequence is intrinsically disordered.^[@ref5]^ Also, the first 17 amino acids for each monomer do not appear in the dimer crystal structure.^[@ref6]^ The N-termini can be cleaved after F16 by chymotrypsin treatment, and the truncated protein is almost fully active, although 2.6 kcal/mol less stable.^[@ref7]^ The truncated tetrameric protein was crystallized, and the structure was first determined at a resolution of 1.7 Å^[@ref4]^ and later at 0.96--1.26 Å.^[@ref8],[@ref9]^ High thermal factors in the latter structure suggest the stretch of residues 17--21 is also disordered. In addition, electron densities for residues 21--23 were diffuse, indicating high mobility.^[@ref9]^

Other type II DHFR variants (e.g., R388 and R751) show different N-terminal sequences, but the same core sequence contributes to the β-barrel structure.^[@ref5],[@ref10],[@ref11]^ This can also be seen from a sequence alignment of the type II DHFR variants^[@ref12]^ showing non-identity in the first 21 residues. His tags can also be added to the N-termini.^[@ref13]−[@ref15]^ In addition, a tandem array of four R67 DHFR gene copies encodes a protein in which the C- and N-termini of the first and second monomers are fused as well as the second and third monomers and the third and fourth monomers. The resulting Quad1 protein possessing 4 times the molecular mass of the R67 DHFR monomer is stable as well as functional.^[@ref16]^ Asymmetric mutations in the core of R67 DHFR that favor one topology^[@ref17],[@ref18]^ are used in these Quad constructs. Similarly, the N-terminal sequences from R388 and R751 can be used as the linker domains to give a functional monomeric Quad4 protein.^[@ref5]^ These various experiments and constructs indicate the N-termini can be fused without a loss of function. Pelletier and co-workers have made similar dimeric fused constructs of R67 DHFR.^[@ref19],[@ref20]^

To gain information about the conformational space occupied by the disordered N-terminal sequences in R67 DHFR, we used small angle neutron scattering (SANS) experiments. Because of the inherent contrast between hydrogen and deuterium atoms, SANS data of the hydrogenated protein in D~2~O buffer allow modeling of the ensemble of conformations sampled by the disordered tails.

As disordered sequences often undergo coupled binding and folding, we monitored any potential changes in the conformational sampling of the disordered tails upon formation of a binary complex (R67 DHFR--NADP^+^) or a ternary complex (R67 DHFR--NADP^+^--DHF). Also, osmolytes have been shown to exert protein-stabilizing forces via a preferential exclusion mechanism.^[@ref21],[@ref22]^ To determine whether addition of an osmolyte leads to folding of the termini, we added deuterated betaine to examine any changes in the R67 DHFR shape using SANS.

Also of interest, the water associated with the protein surface comprises the hydration layer, which can be differentiated from the bulk solvent. The first hydration shell can contain tightly bound water as well as water that can freely exchange. These differences are due to the varied environments associated with the protein surface, which can display different clefts and bumps as well as different atom types.^[@ref23]^ Computational studies have shown that water molecules hydrating the disordered chains exhibit properties different from the properties of those surrounding globular domains, in terms of both the number of waters and the structural order of the water molecules in the hydration layer.^[@ref24],[@ref25]^

To monitor the preferential hydration of full-length and truncated R67 DHFR, we used hydrogenated osmolytes in a D~2~O buffer solution in additional SANS experiments. This is analogous to a H~2~O/D~2~O contrast variation approach; i.e., the contrast created by addition of a hydrogenated osmolyte allows measurement of the hydration shell associated with R67 DHFR. The contrast created by osmolytes differentiates between the hydration layer and the bulk solvent. The information obtained from the scattering contrast can be used to obtain the number of water molecules in the hydration layer that are responsible for exclusion of the added osmolyte from the protein surface.

Methods {#sec2}
=======

Protein Expression and Purification {#sec2-1}
-----------------------------------

Full-length R67 DHFR (MIRSSNEVSN PVAGNFVFPS NATFGMGDRV RKKSGAAWQG QIVGWYCTNL TPEGYAVESE AHPGSVQIYP VAALERIN) was expressed and purified as described by Reece et al.^[@ref7]^ Briefly, cell lysates were subjected to ammonium sulfate precipitation and ion-exchange column chromatography to purify the protein to homogeneity. Purified samples were dialyzed against distilled, deionized H~2~O and lyophilized.

Chymotrypsin-truncated R67 DHFR was obtained as described by Reece et al.,^[@ref7]^ starting from full-length His-tagged R67 DHFR. The His-tagged construct has the synthetic R67 DHFR gene^[@ref7]^ cloned into the pRSETB vector from Invitrogen.^[@ref26]^ Purification was performed with a nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen), followed by elution from a DEAE fractogel column. The resulting protein was incubated with immobilized chymotrypsin (Sigma-Aldrich) in 10 mM Tris/1 mM EDTA, pH 8.0 buffer overnight at 4 °C and later at room temperature for ≤24 h. Chymotrypsin cleaves after F16 in the R67 DHFR sequence (or after F47 in the His-tagged sequence). The progress of the reaction was monitored by sodium dodecyl sulfate electrophoresis (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). Immobilized chymotrypsin was removed, and the truncated tetramer was separated from peptide fragments by gel filtration at pH 8 using G75 Sephadex. A Ni-NTA column further separated the cleaved N-terminus from the tetrameric core of the protein. The purified truncated R67 DHFR was dialyzed against water using a 7 kDa cutoff membrane and then lyophilized. Protein concentrations were determined by measuring the absorbance at 280 nm of the solution using an extinction coefficient determined with a bicinchoninic acid (Pierce) assay.

Small Angle Neutron Scattering (SANS) {#sec2-2}
-------------------------------------

The sample of lyophilized, full-length, apo R67 DHFR was reconstituted in 20 mM deuterated Tris buffer in D~2~O (pD 7.5). Experiments were also performed to study any changes in the ordering of the N-termini upon binding of NADP^+^ to apo R67 DHFR (binary complex formation) and upon binding of dihydrofolate (DHF) to the R67 DHFR--NADP^+^ complex (ternary complex formation) under saturating ligand concentrations (3 mM NADP^+^ for binary samples and 3 mM NADP^+^ and 2 mM DHF for ternary samples). To study the effect of betaine on the disordered N-termini of R67 DHFR, the change in overall shape and compaction of apoprotein in the presence of 20% deuterated betaine was explored. Additionally, samples of full-length apo R67 DHFR with no osmolyte and with the osmolytes betaine and dimethyl sulfoxide (DMSO) were prepared to investigate protein hydration. The osmolytes were hydrogenated to create a contrast with the deuterated buffer conditions, allowing measurement of changes in preferential hydration of apo R67 DHFR.^[@ref27]^ The concentrations of osmolytes ranged from 2.5 to 20% (w/v) for betaine and from 2.5 to 17.5% (v/v) for DMSO. The protein concentrations ranged from 4.5 to 7.5 mg/mL. Similar sample sets using the truncated R67 DHFR protein with 0 to 20% (w/v) betaine were prepared. The concentration of the truncated protein was 2.4--2.6 mg/mL. Buffer controls were run to detect the background scattering. All samples were prepared, centrifuged, and loaded into banjo-shaped quartz cuvettes (Hellma USA, Plainville, NY) with a path length of 2 mm.

Experiments were performed on the EQ-SANS instrument at the Spallation Neutron Source at the Oak Ridge National Laboratory. In 60 Hz operation mode, a 4 m sample--detector distance with a 2.5--6.1 Å wavelength band was used. Neutron exposure times were approximately 1 h, and the scattered neutrons were detected on a 1 m × 1 m two-dimensional detector at 25 °C.

The data collected for all experiments were reduced using MANTID Plot,^[@ref28]^ and the total two-dimensional scattering was corrected by the scattering from the empty quartz cell. Then, the scattering was normalized by the incident beam flux and radially averaged to obtain the absolute scale intensity, *I*(*q*), versus scattering angle, *q*. The background scattering for the respective buffers was subtracted from the total scattering. Guinier analysis with a linear plot of ln *I*(*q*) versus *q*^2^ for low-*q* data gave a slope of −(*R*~g~^2^)/3, where *R*~g~ is the radius of gyration and the intercept on the *Y*-axis gave the *I*(0) value. Estimates of *R*~g~ and zero-angle scattering intensity *I*(0) were obtained using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}:^[@ref27]^where *I*(*q*) is the scattering intensity at small angles (*q*).

The data were also analyzed using GNOM in the ATSAS package.^[@ref29]^ GNOM reads the scattering profile and evaluates the particle distance distribution function, *P*(*R*), in a defined range of distances and yields the apparent radius of gyration (*R*~g~) and zero-angle scattering intensity *I*(0). Data for each sample were fit using Guinier analysis and GNOM (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)).

The *R*~g~ values and zero-angle scattering intensities, *I*(0), of R67 DHFR in the presence of varying concentrations of osmolytes (betaine and DMSO) were normalized by the protein concentration of each sample. To obtain information about the preferential hydration of R67 DHFR and the effect of osmolytes on hydration, the change in *I*(0) with an increasing concentration of osmolytes obtained from the GNOM analysis was fit to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} from ref ([@ref27])where *I*~s~(0) and *I*(0) are the zero-angle scattering intensities in the presence and absence of an osmolyte, respectively, *f*~v~, or fractional volume, is the concentration of osmolyte added (w/v for betaine and v/v for DMSO), ρ~w~, ρ~s~, and ρ~p~ are the scattering-length densities of water, solute (=osmolyte), and protein, respectively, and *V*~p~ and *V*~w~ are the volumes of protein and protein-associated water, respectively. The scattering-length densities of the full-length (3.248 × 10^10^ cm^--2^) and truncated (3.228 × 10^10^ cm^--2^) proteins, betaine (0.817 × 10^10^ cm^--2^), and DMSO (−0.051 × 10^10^ cm^--2^) and the protein volumes were calculated using the online tool MULCh.^[@ref30]^ The volume of protein-associated water gives the number of water molecules in the hydration layer of R67 DHFR upon addition of the osmolyte. Note that [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} assumes *V*~p~ and *V*~w~ remain constant across the range of osmolyte concentrations used. In other words, the measured *V*~w~ is an average across the betaine range used for the preferential hydration SANS experiments.

Analysis Using MD and SASSIE {#sec2-3}
----------------------------

Our next step was to analyze the SANS data using models generated via MD and SASSIE (see <http://www.smallangles.net/sassie/SASSIE_HOME.html>).^[@ref31]^ The latter creates atomistic models of the protein using Monte Carlo simulations, calculates theoretical scattering data for these models using SasCalc or Xtal2SAS tools, and compares the theoretical data to the experimental data. The experimental SANS data were interpolated into SASSIE in a defined *q* range using the data interpolation module.

As both MD and SASSIE require a model of the full-length protein sequence to generate structures for fitting, sixteen residues (MIRSSNEVSNPVAGNF-) were added to each of the four N-termini of the truncated R67 DHFR structure (PDB entry 2RH2)^[@ref8]^ using Modeller (version 9.15).^[@ref32]^ A total of 100 models were generated, and 10 structures with the lowest discrete optimized potential energy score were used further. The selected models were minimized under vacuum for 10000 steps. The minimized structures were then solvated in a SPC/E water box^[@ref33]^ and equilibrated using the protocol as described by Ramanathan et al.^[@ref34]^ The protein and ligand parameters were generated using AMBER force field *ff14SB.* Extensive MD simulations were performed for the apoenzyme, the binary complex with NADPH, and the ternary complex with NADPH and DHF using the AMBER 14 simulation package.^[@ref35]^ Initially, 10 models of the apoenzyme were simulated for 100 ns each, and selected conformations from these runs that gave good fits to the SANS data were further studied for four apo simulations of 1 μs each. Therefore, the total aggregate sampling for apo systems was 5 μs. Similarly, nine MD simulations for the binary complex and five for the ternary complex were performed for 1 μs each, providing aggregate 9 μs and 5 μs MD sampling for binary and ternary complexes, respectively.

Additionally, two more models were built. The first model had two pairs of N-termini interacting with each other on both sides of the pore, and a second model moved all the four termini to block access to the active site pore. This approach allowed the construction of numerous structures in which the N-termini sample a large area of conformational space.

Frames from the MD trajectories were analyzed in SASSIE using the SasCalc module that generated theoretical SANS profiles, which were then compared to the experimental SANS data using the χ^2^ analysis module. Those structures with a low χ^2^ value (\<10) were chosen as good fits. Complex Monte Carlo simulations also generated additional conformers for fitting. In this process, the core of the protein remained constant, and only alternate conformations of the 21 N-terminal amino acids were generated. Acceptable frames avoided atom overlaps. In addition, on the basis of the average *R*~g~ obtained (for example, ∼21.5 Å for apo R67 DHFR), directed Monte Carlo sampling additionally generated \>100000 structures with *R*~g~ values limited to a range from 20.5 to 22.5 Å. These structures were subjected to a 500-step minimization using NAMD. Again, the theoretical SANS profiles were calculated using the SasCalc module in SASSIE, followed by a χ^2^ analysis. We chose to use a strategy by which we analyzed single structures, as opposed to an ensemble structure method, because our relatively exhaustive analysis in SASSIE using our MD and Monte Carlo structures was found to be adequate to fit our SANS data.

Both MD and SASSIE analyses were performed to fit the experimental SANS profiles for the ligand-bound complexes (binary and ternary) as well as for apo R67 DHFR in 20% deuterated betaine. To generate sufficient conformers with low χ^2^ values, the apo, binary, and ternary structures were interconverted by a Python script by adding or removing the coordinates of the NADP^+^ and DHF ligands in the active site pore of the MD and Monte Carlo-generated structures. The ligand coordinates were obtained from PDB entries 2RK1 and 2RK2.^[@ref8]^ For the analysis of the binary data, initially one NADP^+^ was positioned in the active site pore as per the 2RK2 crystal structure;^[@ref8]^ however, only 92 good fits were obtained. To gain more fits, we considered the possibility that a second cofactor could bind as the concentration of NADP^+^ in the SANS sample was high (3 mM) and the active site pore can accommodate two homoligands.^[@ref36]^ There are four sets of coordinates for NADP^+^ in the 2RK2 crystal structure because of the symmetry of the active site. Therefore, we positioned a second set of NADP^+^ coordinates in a symmetry-related position using the 2RK2 structure and continued with the analysis. A workflow and summary of the various steps in our analyses for apo, binary, and ternary complexes are provided in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf).

Snapshots from MD simulations were also used to compute the number of water molecules present in the first solvation shell of the protein. AMBER's *ptraj* module and command *watershell*, with the default cutoff of 3.4 Å, were used.

Data Mining {#sec2-4}
-----------

The structures that best fit the SANS profiles were data mined to find the most frequent interactions between the N-terminus and all the other residues in the protein. To analyze the structures, the cpptraj program in Amber14^[@ref35]^ was used to calculate the distances between the center of mass (COM) of each residue and all the other individual residues in the R67 DHFR tetramer. A python script was then used to determine the minimum distance between the COM for each pair of residues for all structures that fit the SANS data. Additionally, the number of times the center of masses for each pair of residues was within 5 Å was calculated. Heat maps of the inter-residue interactions were created from the matrix of residue pair interactions using Matlab (version r2017a).

Differential Scanning Calorimetry (DSC) {#sec2-5}
---------------------------------------

Thermal unfolding of full-length and truncated R67 DHFRs was monitored between 25 and 95 °C using a Microcal VP differential scanning microcalorimeter. The concentration of full-length R67 DHFR was 150--160 μM in MTA buffer (100 mM MES, 50 mM Tris, and 50 mM acetic acid) at pH 8. Samples were also prepared in MTA buffer with 20% betaine or 15% DMSO. Scans were repeated two times with scan rates of 1 °C/min. For truncated R67 DHFR, concentrations of 50--100 μM were used with a scan rate of 1 °C/min. The data obtained were analyzed using Origin version 7.0 supplied by the manufacturer and the melting temperatures obtained.

Pressure Perturbation Calorimetry (PPC) {#sec2-6}
---------------------------------------

Effects of betaine on the volume, or hydration, of R67 DHFR were estimated using the change in the thermal expansion coefficients (α) of the protein in the absence and presence of betaine. Pressure perturbation calorimetry (PPC) can be used to determine the α~o~ value in buffer containing osmolytes using the following equation ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}):^[@ref37],[@ref38]^where α~s~ and α~o~ are the thermal expansion coefficients for the solute and solvent, respectively, Δ*Q* is the heat released or absorbed after each application, or release, of pressure, *T* is the temperature, *m*~s~ is the mass of the solute in the solution, *V*~s~ is the specific volume of the solute, and Δ*p* is the change in pressure applied above the solution. A VP-DSC instrument from MicroCal (Malvern) outfitted with a PPC appendage was used to calculate the α~s~ for R67 DHFR. Pressure pulses of 60 psi of nitrogen were applied above the sample, using buffer alone as a reference. The thermal expansion coefficients were determined between 10 and 95 °C in 2.5 °C increments. Samples of 3--5 mg/mL R67 DHFR (these concentrations are equivalent to 90--150 μM for full-length and 99--150 μM for truncated R67 DHFRs) were prepared in 45 mM Na~2~HPO~4~, pH 8.0 buffer containing 0, 10, or 20% (w/w) betaine. Control experiments using buffer versus buffer, buffer versus water, and water versus water were used to correct the α~s~ of R67 DHFR for the thermal expansion of the buffer and water components of the sample (which are contained in α~o~). The raw data from the PPC were manually curated so that they could be integrated using NITPIC.^[@ref39]^ Files with the heat obtained from NITPIC were used to analyze the PPC data in the Origin 7.0 software package provided by MicroCal. The mass of the solute in the solution was determined spectroscopically, and the specific volume of 0.716 mL/g for R67 DHFR was previously obtained.^[@ref40]^

Results {#sec3}
=======

SANS of Apo R67 DHFR {#sec3-1}
--------------------

Representative SANS profiles for full-length and truncated apo R67 DHFR are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A and [Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf), respectively (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). A dimensionless Kratky plot^[@ref41]^ of the full-length and truncated proteins indicates that both are globular ([Figure S3C](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). Analysis using GNOM yields an *R*~g~ value of 21.89 ± 0.12 Å for the full-length protein (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) and 17.86 ± 0.14 Å for truncated R67 DHFR ([Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). The latter is comparable to the *R*~g~ values of 17.1 and 17.5 Å for the 2RH2([@ref8]) and 2GQV([@ref9]) crystal structures of truncated R67 DHFR, respectively, calculated using CRYSON.^[@ref42]^ The molecular weight of R67 DHFR was calculated from the *I*(0) and *R*~g~ of the SANS profile, using a model that is independent of protein concentration.^[@ref43]^ A value of 36470 g/mol matches well with the expected value of 33720 g/mol for full-length R67 DHFR, indicating that the sample is not aggregating under our conditions ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![SANS profile and GNOM analysis for apo, full-length R67 DHFR. (A) Normalized scattering intensity of the protein, *I*(q)/*I*(0), with an increase in *q*. The SANS profile was obtained by subtracting the scattering contribution from the buffer and normalizing the scattering intensity by *I*(0). (B) A GNOM fit of the profile gave the pairwise distance distribution and an *R*~g~ value of 21.89 ± 0.12 Å.](bi-2017-008226_0001){#fig1}

###### Data Analysis of the SANS Profiles and Comparison of *R*~g~ Values for R67 DHFR Obtained Using GNOM and SASSIE Analyses

                                                                                   no. of good fits in SASSIE (χ^2^ \< 10)                  
  ---------------------------------------- -------- ------- ------- -------------- ----------------------------------------- -------------- --------------
  truncated R67 DHFR                       0.0227   26906   23390   17.86 ± 0.14   --                                        --             --
  apo R67 DHFR                             0.1711   33720   36470   21.89 ± 0.12   7936                                      20.84--23.53   21.46 ± 0.50
  R67 DHFR--2NADP^+^                       0.1633   35218   33630   21.45 ± 0.14   758                                       20.67--22.77   21.56 ± 0.39
  R67 DHFR--NADP^+^--DHF                   0.1605   34912   35065   21.45 ± 0.18   15551                                     20.14--22.74   20.64 ± 0.27
  apo R67 DHFR in 20% deuterated betaine   0.1148   33720   33620   23.08 ± 0.12   58277                                     21.04--25.94   22.78 ± 0.87

As described in [Methods](#sec2){ref-type="other"}, we used MD and the NIST program SASSIE to gain information about the space sampled by the N-termini. We generated 19 μs of MD trajectories and ∼307000 structures from nondirected as well as directed Monte Carlo analysis in SASSIE. A large number of structures were used to analyze our SANS data, and the volumes sampled by the N-termini are shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf), differentiated by the method by which they were generated (e.g., MD, Monte Carlo, or hand built). The directed Monte Carlo analysis restricted structures to an *R*~g~ range of 20.5--22.5 Å, substantially helping us find conformers that fit the SANS data. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A shows a χ^2^ versus *R*~g~ plot for the 117000 frames from the directed Monte Carlo simulations and the apo frames obtained from MD runs for binary and ternary complexes upon removal of the ligands using a Python script. The χ^2^ versus *R*~g~ plot shows a "U" shape, indicating neither very compact nor very extended states fit the data well. Instead, more intermediate structures fit the data. We identified 7936 structures that fit the apoenzyme SANS data with a χ^2^ value of \<10. The lowest χ^2^ value obtained was 1.8, and the *R*~g~ of the corresponding frame was 22.24 Å. An average *R*~g~ value of 21.46 ± 0.50 Å was obtained (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which is similar to the *R*~g~ value obtained from the GNOM fitting.

![SASSIE analysis of apo R67 DHFR suggests compaction of the N-termini. (A) Analysis of the frames generated by directed Monte Carlo sampling (117000, black filled circles) and frames from the MD runs (154000, cyan filled circles). The red line indicates a χ^2^ = 10 cutoff. Data with χ^2^ \> 50 are not shown for the sake of clarity. (B) Overlays of the theoretical SANS profiles for the best \[χ^2^ = 1.8 (red squares)\] and worst \[χ^2^ = 430 (blue triangles)\] fits compared to the experimental SANS data (black circles). (C) Corresponding best and worst structures. (D) Density plot describing all the space sampled by MD and Monte Carlo structures (dark gray mesh) representing most of the available "structural space". The structures identified by SASSIE as providing good fits to the experimental SANS data are shown by green mesh. One of the good models describing full-length homotetrameric R67 DHFR is shown in the center of the mesh.](bi-2017-008226_0002){#fig2}

SASSIE also generates mesh plots that show the space sampled by the 21 N-terminal residues. All ∼461000 structures (307000 from Monte Carlo and 154000 from MD) sample the area shown by the dark gray mesh in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D. Best fits identified by SASSIE show a more restricted area explored by the N-termini (see the green mesh in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), indicating compaction of the N-termini as compared to full extension. This trend is also identified in a plot of the center of mass for the N-terminal methionines (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) for those structures for which χ^2^ \< 10). Here the tendency of the methionines to sample space mostly near the sides of the protein core can be seen. However, other methionine positions fit the data, indicating other successful sampling positions. The range of 20.84--23.53 Å (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) for the best fit *R*~g~ values generated by SASSIE also indicates sampling of compact and slightly extended conformations of the N-termini. Any asymmetry in the mesh and sampling positions likely arises from nonconvergence of the MD trajectories, even though a total of 19 μs was used. In contrast, the protein termini have millisecond to second sampling times available.

Effect of Ligand Binding on the Disordered Termini in R67 DHFR {#sec3-2}
--------------------------------------------------------------

SANS data were also collected to monitor if there were any changes in the disordered N-termini of R67 DHFR upon ligand binding. Data collected for binary (R67 DHFR--NADP^+^) and ternary (R67 DHFR--NADP^+^--DHF) complexes were analyzed using GNOM. A comparison of the pairwise distribution plots for the apo, binary, and ternary complexes is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A. The *R*~g~ values for the apoprotein, NADP^+^ binary complex, and NADP^+^--DHF ternary complex are 21.89 ± 0.12, 21.45 ± 0.14, and 21.45 ± 0.18 Å, respectively.

![SASSIE analysis of ligand-bound R67 DHFR complexes indicates compaction of the N-termini. (A) GNOM fits of the pairwise distribution plots of *R*~g~ for apo R67 DHFR (green line), R67 DHFR--NADP^+^ binary (dashed orange line), and R67 DHFR--NADP^+^--DHF ternary (dotted blue line) complexes. SANS data were collected using 6.05 mg/mL DHFR in 20 mM deuterated Tris buffer in D~2~O (pD 7.0) with no osmolyte. Binary or ternary complexes were formed by adding 3 mM NADP^+^ or NADP^+^ with 2 mM DHF, respectively. The *R*~g~ values for the apoprotein, binary complex, and ternary complex are 21.89 ± 0.12, 21.45 ± 0.14, and 21.45 ± 0.18 Å, respectively. While it may seem that the maximal diameter of the protein (*D*~max~) varies, it is more that there is not a well-defined *D*~max~ value for proteins with flexible regions. Rather, a small range of *D*~max~ values all appear satisfactory. Within this "optimized" range, *R*~g~ and *I*(0) values are not changing significantly, allowing reliable parameters to be gained from the analysis. (B) Comparison of the mesh plots obtained from SASSIE for the apo (green) and NADP^+^--DHF ternary (blue) complexes. Bound DHF (cyan) and NADPH (magenta) are shown as ball-and-stick models in the center of the active site pore. (C) Venn diagram comparing the overlaps associated with the number of apo, binary, and ternary best fits. [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) shows similar figures for the binary complex.](bi-2017-008226_0003){#fig3}

To gain deeper insights into the disordered tail conformations, SANS data for the R67 DHFR--NADP^+^ binary and R67 DHFR--NADP^+^--DHF ternary complexes were further analyzed using both MD and SASSIE. SASSIE analyses used the same set of ∼307000 frames described above for the apoenzyme, with ligands added by a Python script with 154000 frames from MD simulations. [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) indicates the various steps used to generate best fit conformers. The plots shown in [Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) are for the analyses of binary and ternary data, respectively. Fitting our data to structures lacking the ligands did not yield any conformers with good χ^2^ values. Therefore, we repeated our analyses with ligands in the protein structures. Our first fits to a single bound NADP^+^ yielded only 92 conformers with good χ^2^ values, so we docked in another cofactor as two homoligands can bind in the active site pore.^[@ref36]^ This analysis yielded a total of 758 frames with χ^2^ values of \<10 for the binary data. The number of frames that fit the binary data is low, suggesting (1) a mixed population of species may be present (i.e., both singly and doubly bound NADP^+^) and (2) our model of the 2NADP^+^ complex may only approximate this species. Fitting of the ternary complex data was more successful, yielding 15551 frames with a χ^2^ of \<10. The best χ^2^ values for the binary and ternary complexes were 5.2 and 4.8, respectively. The mean *R*~g~ value obtained for the 758 good binary structures was 21.56 ± 0.39 Å, which is within the error of the *R*~g~ obtained by GNOM analysis. However, the mean *R*~g~ value for 15551 structures for the ternary complex was 20.64 ± 0.27 Å, which is different from the *R*~g~ value determined by GNOM analysis. The range of the *R*~g~ values in the acceptable SASSIE fits for the ternary complex was 20.14--22.74 Å, which is slightly lower than the range obtained for the apoprotein.

A comparison of density plots (or space sampled) in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B shows the N-termini of the apoprotein and ternary complex sample space at the monomer--monomer interfaces at the sides of the protein. In addition, 28% of the good fits for the ternary data fit to the apo data, indicating overlap in the conformations sampled by the N-termini in the apo and ternary complex. This also can be noted from the Venn diagram shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C. Also, all the 758 frames that fit to the binary data fit the apo data, suggesting similar conformational sampling of the N-termini under both conditions.

A COM for the N-terminal methionine residues in the best fit frames of the ternary complex data was again calculated. These values, represented in [Figure S7E](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf), depict sampling of a restricted space near the sides of the protein (i.e., monomer--monomer interface). A comparison of the mesh plots for the apo form and binary complex is additionally shown in [Figure S6D](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf), and a COM representation for the 758 frames for the binary analysis is shown in [Figure S6F](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf).

Effect of Betaine on the R67 DHFR Structure {#sec3-3}
-------------------------------------------

As addition of osmolytes can lead to protein folding,^[@ref21]^ we added 20% deuterated betaine to R67 DHFR to determine if osmolytes can provide order to the N-termini. SANS data were analyzed using GNOM; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A shows the pairwise distribution plot. The *R*~g~ was 22.84 ± 0.31 Å, which is larger than the value for R67 DHFR in the absence of betaine (e.g., 21.89 ± 0.12 Å). These results indicate a more swollen state in the presence of betaine. The ratio of *I*(0), scaled by sample concentration, for R67 DHFR in the presence of betaine to that in the absence of betaine was taken to ensure that the protein in 20% deuterated betaine was not aggregating. A ratio near 1 indicated that R67 DHFR in the presence of deuterated betaine was not aggregating under our experimental conditions.

![SASSIE analysis of apo R67 DHFR in the presence of 20% deuterated betaine indicates compact as well as partially extended N-terminal conformations. (A) GNOM fits for the pairwise distribution of *R*~g~ for apo R67 DHFR with and without 20% deuterated betaine. SANS data were collected for R67 DHFR at 6.5 mg/mL in 20 mM deuterated Tris buffer in D~2~O (pD 7.0) with 20% deuterated betaine (dashed purple line). A wider distribution in the presence of betaine and an *R*~g~ value of 23.0 ± 0.30 Å indicate an increased number of slightly more extended conformations for the termini of R67 DHFR. (B) Overlay of the density plots for the best frames with χ^2^ values of \<10 for the deuterated betaine protein sample (purple mesh) and for the apoprotein without betaine (green mesh).](bi-2017-008226_0004){#fig4}

SASSIE analysis of this SANS data set was performed using the same set of 461000 conformers that were used for the apoprotein. The χ^2^ versus *R*~g~ plot ([Figure S8A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)) also shows a "U" shape, indicating intermediate rather than very compact or very extended states fit the data well. Of all the structures generated using MD and Monte Carlo sampling, 58277 frames fit to the experimental SANS data with χ^2^ values that are \<10. The lowest χ^2^ value was 3. [Figure S8A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) shows a χ^2^ = 10 cutoff for the good fits. The number of structures that fit the SANS data well has greatly increased (compared to that of apo R67 in buffer), again suggesting a more inflated structure. An overlay of the theoretical SANS profiles for the best and worst fits and the corresponding structures for these fits are shown in panels B and C of [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf), respectively. The *R*~g~ for the best structure is 23.79 Å, while that for the worst is 29.58 Å. The density plot (see [Figure S8D](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)) for the good fits (purple mesh) seems to occupy most of the space sampled by our set of 461000 frames (dark gray mesh). Also, the range of *R*~g~ values obtained indicates no (or transient) sampling of fully extended conformations for all four N-termini, which would have resulted in higher *R*~g~ values. The highest *R*~g~ sampled by Monte Carlo simulation is 29.49 Å, while our model of R67 DHFR with four fully extended N-termini has an *R*~g~ of 36.25 Å.

The *R*~g~ values for the good fits obtained using SASSIE ranged from 21.04 to 25.94 Å with an average *R*~g~ value of 22.78 ± 0.87 Å. The wider sampling range and higher average *R*~g~ both are consistent with the GNOM analysis, indicating that the N-termini sample extensive conformations in the presence of betaine. The COM point for Met1 in the four N-termini (see [Figure S8E](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)) indicates the termini sample many positions both near the core of the protein and farther from the surface. From these data and analyses, the disorder in the N-termini becomes more pronounced upon addition of betaine with the N-termini potentially acting as entropic bristles, sweeping out volume around the protein core.^[@ref44]^

Osmolytes Probe Preferential Hydration of R67 DHFR {#sec3-4}
--------------------------------------------------

Hydration is important in the protein structure and function relationship. Three regions with different scattering-length densities are present in this experiment: (1) the protein, (2) the bulk solution of deuterated buffer containing hydrogenated osmolytes, and (3) the hydration shell surrounding the protein. Betaine or DMSO was used to probe the hydration of full-length R67 DHFR, while only betaine was used for our truncated R67 DHFR experiments. While a plot of *R*~g~ values obtained by GNOM analysis does not show any significant trend upon addition of an osmolyte ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)), the zero-angle scattering intensity, *I*(0), is sensitive to changes in hydration. No significant change in the *R*~g~ value is consistent with the N-termini remaining disordered upon addition of an osmolyte. Note that, earlier, the *R*~g~ value of 22.8 ± 0.3 Å was obtained from the SANS data for apo R67 DHFR in 20% deuterated betaine. As deuterated betaine was added to the deuterated buffer, the contrast between the hydration layer and bulk was masked and the *R*~g~ value represents the overall shape of the protein without any contributions from the hydration layer. With hydrogenated betaine, the *R*~g~ is dependent upon the volume of the hydration layer and the location of the waters in the hydration shell. Even though the hydration layer contrast will increase with the addition of osmolytes, thus causing an apparent decrease in the overall *R*~g~, our deuterated betaine data indicate the intrinsic protein volume increases. Therefore, the expansion of the intrinsic volume along with the apparent decrease in size from hydration contrast may be compensating for each other, and the net result is a relatively consistent *R*~g~ for R67 DHFR in the presence of hydrogenated osmolytes.

Decreasing *I*(0) values for both full-length and truncated R67 DHFR were observed with increasing concentrations of osmolytes. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the data were fit to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. The fits yield the volume of the hydration layer for R67 DHFR in the presence of osmolytes. The number of water molecules in the hydration layer is determined by dividing the observed water volume by the volume of a single water molecule (30 Å^3^). The number of osmolyte-excluding water molecules associated with the full-length protein is 1285 ± 214 or 1253 ± 199 using betaine or DMSO, respectively, indicating similar numbers of water molecules. The number of water molecules (*n*~w~) excluding betaine from the hydration shell of the truncated protein is 380 ± 100. The difference in the number of hydrating waters (∼900) between full-length and truncated R67 DHFR indicates that the disordered N-terminal tails span a large volume in solution and are extensively hydrated.

![Preferential hydration of the full-length and truncated R67 DHFR in the presence of osmolytes. Small angle neutron scattering intensity ratios with and without osmolyte \[*I*(0)~s~/*I*(0)\] as a function of osmolyte concentration, *f*~v~, for betaine (w/v) (magenta filled squares) and DMSO (v/v) (green filled triangles). Panels A and B show the data for full-length and truncated R67 DHFRs, respectively. Solid lines are fits to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} to calculate the number of protein-associated waters, *n*~w~.](bi-2017-008226_0005){#fig5}

To compare the experimental hydration values with theoretical numbers, the solvent accessible surface area (ASA) of tetrameric, truncated apo R67 DHFR (2RH2) was calculated to be 11072 Å^2^ using the Molecular Operating Environment program (MOE 2015 version). If we assume the area of a water molecule to be 9 Å^2^,^[@ref45]^ this yields approximately 1230 water molecules hydrating the truncated protein. For another high-resolution crystal structure of truncated R67 DHFR (2GQV),^[@ref9]^ the solvent accessible surface area was 11673 Å^2^. This structure predicts ∼1297 water molecules.

To obtain a theoretical *n*~w~ value associated with the full-length R67 DHFR, we used the 7936 good fits obtained from our SASSIE analysis. The ASA was determined using SurfaceRacer^[@ref46]^ for each of the 7936 frames to obtain the *n*~w~ values. An average of 1800 water molecules were predicted in the hydration layer. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} compares our experimental results with the predicted values from the truncated crystal structures as well as the average value for the 7936 full-length models of R67 DHFR. The predicted ranges of values for waters in the hydration shell are higher than those measured by our SANS data.

###### Comparison of the Predicted and Experimental Numbers of Water Molecules (*n*~w~) Hydrating R67 DHFR from the Crystal Structure, SASSIE Fits, and SANS Data

  protein                                           source                                     predicted/experimental                        no. of water molecules in the hydration layer (*n*~w~)
  ------------------------------------------------- ------------------------------------------ --------------------------------------------- --------------------------------------------------------
  truncated R67 DHFR                                crystal structure (2RH2)^[@ref8]^          predicted from ASA                            1230[a](#t2fn1){ref-type="table-fn"}
  truncated R67 DHFR                                crystal structure (2GQV)^[@ref9]^          predicted from ASA                            1297[b](#t2fn2){ref-type="table-fn"}
  truncated R67 DHFR                                crystal structure (2GQV)^[@ref9]^          experimental                                  340 in pore and first hydration shell
  truncated R67 DHFR in the presence of betaine     SANS                                       experimental                                  380 ± 105
  full-length R67 DHFR                              frames from SASSIE analysis (χ^2^ \< 10)   predicted from ASA averaged for 7936 frames   1800
  full-length R67 DHFR in the presence of betaine   SANS                                       experimental                                  1285 ± 214
  full-length R67 DHFR in the presence of DMSO      SANS                                       experimental                                  1253 ± 199

The 2RH2 structure lacks 20 residues at the N-termini.

The 2GQV structure lacks 19 residues at the N-termini. Serine 20 was removed for comparison with 2RH2.

Effect of Osmolytes on the Thermal Stability of R67 DHFR {#sec3-5}
--------------------------------------------------------

DSC scans were performed to monitor the effects of betaine and DMSO on the thermal stability of R67 DHFR. This is an additional way to determine if osmolytes are excluded from the protein surface. Previous thermal denaturation studies of R67 DHFR at pH 8 have found reversible folding with a melting temperature of 70.95 °C and evidence of an intermediate state.^[@ref47]^ Our DSC scans are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The data were fit to a three-state model, giving two melting temperatures (*T*~M~) that correspond to two events in the thermal unfolding of R67 DHFR. *T*~M~1 and *T*~M~2 values in the absence of an osmolyte are 66.8 and 68.7 °C, respectively. Addition of 20% betaine increased the melting temperature of R67 DHFR by 2--3 °C, while 15% DMSO decreased the *T*~M~ by 7--9 °C (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). Stabilization of R67 DHFR in the presence of betaine is consistent with preferential exclusion of betaine from the protein surface. DMSO slightly destabilizes R67 DHFR, which indicates the likely interaction of DMSO with R67 DHFR, in the native or unfolded state.

![(A) Effects of osmolytes on thermal denaturation of full-length R67 DHFR. DSC scans were performed with 150--160 μM R67 DHFR in MTA buffer with and without 20% betaine (magenta) and 15% DMSO (green). Betaine increases the melting temperature of the protein by 2--3 °C, whereas DMSO decreases it by 7--9 °C. (B) DSC thermograms for truncated R67 (50--90 μM) DHFR in MTA buffer, pH 8.0 buffer (black line), or buffer with 20% betaine (red) or 15% DMSO (cyan). Panels C and D show our PPC results. Thermal expansion coefficients (α~s~) were obtained from PPC using 2.5 °C increments between 10 and 95 °C for (C) full-length R67 DHFR (90--150 μM) or (D) truncated R67 DHFR (99--150 μM). Experiments were performed in 45 mM Na~2~HPO~4~, pH 8.0 buffer alone (●), buffer with 10% betaine (○), or buffer with 20% betaine (△).](bi-2017-008226_0006){#fig6}

DSC was also performed on truncated R67 DHFR. The two *T*~M~ values were decreased 5 and 7 °C, respectively, compared to those of full-length protein, consistent with the disordered N-termini stabilizing the enzyme (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). Addition of 20% betaine to truncated R67 DHFR resulted in stabilization of both *T*~M~ values by 4 °C, while addition of 15% DSMO destabilized the protein by 7 °C. It has been reported that DSC of intrinsically disordered proteins or regions does not show an unfolding transition.^[@ref48],[@ref49]^ If true, then DSC signals of full-length and truncated R67 DHFR should report on the unfolding of the core "doughnut" structure. Also, addition of solutes should have similar effects on full-length and truncated R67 DHFRs. This behavior is seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. As addition of betaine increases the *T*~M~ values for both R67 DHFR species by similar levels ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)), it stabilizes the protein core, most likely by being excluded. In other words, the protein favors interaction with water.^[@ref22],[@ref50]^ In contrast, DMSO destabilizes the R67 core structure as the *T*~M~ values are lowered to similar degrees for both full-length and truncated protein species. This behavior suggests a preferential interaction mechanism for DMSO with the protein.^[@ref22],[@ref50]^ Again, DSC appears to report on the core, folded structure.

Pressure Perturbation Calorimetry {#sec3-6}
---------------------------------

Another avenue for exploring the molar volume of R67 DHFR in the presence of betaine uses pressure perturbation calorimetry. From PPC, the thermal expansion coefficient for R67 DHFR was 8.7 × 10^--4^ K^--1^ at 10 °C ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), and it decreased as the temperature increased to 57 °C ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). Structure-breaking polar groups on the surface of the protein are most likely responsible for the decrease in α~s~.^[@ref38]^ The denaturation transition of R67 DHFR between 60 and 75 °C caused an increase in α~s~, which indicates an increase in the volume of R67 DHFR as the protein denatures. Integrating the area underneath this peak in the thermogram yielded a relative change in volume (Δ*V*/*V*) of +0.0013. A *T*~M~ for the denaturation of R67 DHFR of 67.5 °C was calculated from the PPC. This value matches well with the conventional DSC analysis of R67 DHFR at pH 8 ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)).^[@ref47]^

###### Analysis of the PPC Data for Full-Length and Truncated R67 DHFRs in 45 mM Na~2~HPO~4~, pH 8.0 Buffer with 0, 10, or 20% (w/w) Betaine

  DHFR                   \[betaine\] (%)   Δ*V*/*V*   α~s10--40~ (×10^--4^ K^--1^)   *T*~M~ (°C)                          α~s10~ (×10^--4^ K^--1^)   Δα~s~ (×10^--5^ K^--1^)
  ---------------------- ----------------- ---------- ------------------------------ ------------------------------------ -------------------------- ------------------------------------
  full-length R67 DHFR   0                 0.0013     2.7                            67.5                                 8.7                        4.3
                         10                0.00077    3.1                            70.0                                 9.7                        4.8
                         20                0.00048    3.2                            72.4                                 8.9                        3.3
  truncated R67 DHFR     0                 0          9.7                            nd[a](#t3fn1){ref-type="table-fn"}   22.1                       nd[a](#t3fn1){ref-type="table-fn"}
                         10                0          8.2                            nd[a](#t3fn1){ref-type="table-fn"}   19.3                       nd[a](#t3fn1){ref-type="table-fn"}
                         20                0          5.1                            nd[a](#t3fn1){ref-type="table-fn"}   14.5                       nd[a](#t3fn1){ref-type="table-fn"}

Not determined as there was no thermal denaturation transition in the PPC thermogram.

As a control, PPC was also performed on the truncated form of the protein (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D). The α~s~ at 10 °C for truncated R67 DHFR (2.2 × 10^--3^ K^--1^) was twice that of the full-length protein ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Another interesting characteristic of the PPC for the truncated R67 DHFR was that no transition for denaturation was noted ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D). As there is a clear transition in the DSC data for truncated DHFR (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B), the lack of a denaturation transition in the PPC thermogram is not due to the protein being unfolded. Additionally, we note the truncated enzyme was active, indicating that it was not unfolded.

A balance exists between elements that contribute to the negative volume change (i.e., loss of voids in the protein and the electrostriction of water around polar and charged groups that are more exposed upon unfolding) and those that contribute to a positive volume change (a larger thermal expansivity for the unfolded state vs the folded state and changes in the hydrophilic--hydrophobic balance of the exposed groups).^[@ref38],[@ref51]^ Additional effects may be loss of clathrate water in the R67 active site pore^[@ref9]^ and dissociation of a tetramer to four unfolded monomers. The relative contribution of these effects leads to the observed α value. For a positive Δ*V*/*V* (as in full-length R67 DHFR), the positive effects must predominate. For Δ*V*/*V* to be zero (as in truncated R67 DHFR), the various effects appear to be balanced. Most monomeric, globular proteins show negative Δ*V*/*V* values.^[@ref51],[@ref52]^ Because the structural differences between the truncated and full-length R67 DHFRs are the four disordered N-termini, they appear to be the key determinant for the positive Δ*V*/*V* value seen for full-length R67.

PPC thermograms were also performed in the presence of betaine for both full-length and truncated R67 DHFRs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Addition of 10% (w/w) betaine to the full-length protein caused an increase in the α~s~ value at 10 °C (9.7 × 10^--4^ K^--1^) relative to the protein in the absence of betaine ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). This increase in α~s~ suggests there is an increase in the protein volume that is likely due to extension of the collapsed N-termini in the presence of betaine. Further increasing the betaine concentration to 20% (w/w) decreased the α~s~ at 10 °C to 8.9 × 10^--4^ K^--1^, similar to the value in the absence of betaine. This reduction most likely describes a decrease in the size of the solvation shell of the full-length protein. Similar effects of various solutes on the α values for RNase^[@ref38]^ and SNase^[@ref53]^ have been previously observed and ascribed to effects on the hydration shell. The increased volume at 10% betaine correlates with our SANS result of an increased *R*~g~ for full-length R67 DHFR in buffer containing 20% deuterated betaine.

For truncated R67 DHFR, the α~s~ value at 10 °C decreases with each increase in betaine concentration from 1.9 × 10^--3^ K^--1^ at 10% betaine to 1.5 × 10^--3^ K^--1^ at 20% betaine. The volume of the truncated protein, including its water shell, decreases as betaine is added, decreasing the concentration of water in the solution.

Discussion {#sec4}
==========

The R67 DHFR monomer is 78 amino acids long, and around 16--20 N-terminal residues are disordered; therefore, ∼20--25% of its sequence is unstructured. R67 assumes a compact structure by forming a homotetramer. Chymotrypsin treatment of the folded protein results in a truncated product, which is almost fully active but 2.6 kcal/mol less stable.^[@ref7]^ Expression of the truncated protein from a shorter gene sequence does not confer trimethoprim resistance. Thus, the N-termini are essential for protein expression and/or stability but not for catalysis. To understand the conformational space sampled by the N-termini of R67 DHFR, we characterized full-length and truncated R67 DHFR using SANS.

Apoprotein Analysis {#sec4-1}
-------------------

The best fits for apo R67 DHFR indicate compaction of two N-termini on one side of the ordered tetramer core, whereas the other two N-termini prefer to remain partially extended (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf)). In many of these poses, the N-terminal residues interact with each other and/or with residues exposed on the monomer--monomer interface. Intramolecular and intermolecular interactions are both feasible. These interactions lead to compaction of the overall shape and seem likely to be why the N-termini provide 2.6 kcal/mol of stability to R67 DHFR.^[@ref7]^

Data mining of the conformers fitting the SANS profile was accomplished using a Python script. Frequent interactions were identified by counting the number of times the COM of each amino acid occurs within 5 Å of the COM of every other residue. [Figure S10A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) shows a heat map of the minimum distance between residues. [Figure S10B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) provides a heat map of the number of these interactions versus the amino acid number (1--78 for the first monomer, 79--156 for the second monomer, 157--234 for the third monomer, and 235--312 for the last monomer). The symmetry of the structure provides an initial understanding of these plots as monomers nearby in space interact (A and C or B and D), while distant monomers do not. In [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf), intramolecular interactions can be visualized by the points near the diagonal while intermolecular interactions are indicated by the areas describing interactions between residues 1--78 and 157--234 (for example).

Using the symmetry of the core structure, the number of potential interactions was summed, using the rationale that a stabilizing interaction would occur in more than one monomer. [Supplemental Excel sheet 1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_002.xlsx) lists these amino acid pairs. Three bins were noted: first, pairs that occur more than 1000 times (=22); second, intramolecular pairs that occur in all four monomers (=8); and third, intermolecular pairs that occur in all four monomers (=1). Hydrophobic, polar/uncharged, and charged residues are identified and colored in the excel sheet as described by Eisenberg et al.^[@ref54]^ In the pairs that occur \>1000 times, hydrophobic residues occur 50% of the time while polar/uncharged amino acids occur 40% of the time and charged residues 10% of the time. These pairs mostly describe N-terminal to N-terminal interactions.

As the N-terminal sequence contains several hydrophobic side chains (M1, I2, V8, A13, F16, V17, and F18), these amino acids could also potentially form hydrophobic interactions with similar exposed side chains on the folded protein surface. In particular, each of the two-symmetry related W45 residues provides ∼94 Å^2^ of ASA for interaction. Short distances were observed from most of the hydrophobic residues mentioned above to W45 and its symmetry-related W201 residue. Also, cation−π interactions could be transiently occurring as R3 often occurred nearby W45 as well as M1 (N-terminal residue).

Other residues contributing to hydrophobic surfaces near the monomer--monomer interface include A22, F24, M26, V30, V43, V71, A72, and I77. Spatial proximity was noted for several N-terminal residues with A22, M26, and V43. Interestingly, three 2-methylpentane-2,4-diol molecules per monomer were found close to the A22, W45, and L50 residues in the 2RH2 structure,^[@ref8]^ suggesting a possible hydrophobic interaction hot spot. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows exposed hydrophobic residues on the ASA surface of R67 DHFR.

![Surface of R67 DHFR (2RH2) shown with the exposed lipophilic surfaces colored green and hydrophilic surfaces colored magenta along the monomer--monomer interface. The surface was made partially transparent so the side chains could be seen. Two symmetry-related W45 residues are labeled in the center of the figure. This figure was composed using the lipophilic surface option in MOE (version 2015.10).](bi-2017-008226_0007){#fig7}

The crystal structure of truncated R67 DHFR shows exact 222 symmetry.^[@ref4]^ While this symmetry could also apply to each of the disordered N-termini, it is more likely that they impart asymmetry via their disorder.

Analysis of Binary and Ternary Complexes {#sec4-2}
----------------------------------------

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} summarizes the various *R*~g~ values obtained from GNOM and SASSIE analysis. No substantial effect of ligand binding was observed in the conformations sampled by the N-termini as those frames that provided the best fits to the SANS data for both the binary and ternary complexes mostly overlap with those sampled by the apoprotein. GNOM analysis yielded comparable *R*~g~ values for the apoprotein and ligand-bound protein samples, and the conformers obtained from our SASSIE analysis placed the disordered tails near the sides of the active site pore.

Data mining of the ternary complex conformers that fit the SANS data was also performed. [Figure S11A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf) plots the minimum distance between the COM of residues. A pattern similar to that seen in apo R67 DHFR is observed. [Supplementary Excel sheet 2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_003.xlsx) lists those amino acid pairs whose centers of mass are ≤5 Å apart. Three bins were again considered: 47 pairs occur more than 1000 times, while nine intramolecular and two intermolecular pairs occur in all four monomers. The same type of interactions are observed as in the apo conformers with hydrophobic residues occurring 56% of the time, polar/uncharged 32% of the time, and charged 13% of the time. One difference is that the N-terminal methionines now very frequently interact with W45 or W201 (symmetry-related residues).

Effects of Osmolytes {#sec4-3}
--------------------

The main difference in our data arises when betaine is added, which leads to a more swollen state of R67 DHFR. Osmolytes that are excluded from protein surfaces are known to stabilize the protein via the preferential exclusion mechanism.^[@ref22]^ The ability of TMAO to force folding of a modified RNase was attributed to its preferential exclusion from the peptide backbone (also termed the solvophobic effect).^[@ref21],[@ref55]^ While R67 DHFR was found to be stabilized upon addition of betaine by our DSC studies, no disorder to order transition was observed for the disordered tails from our analysis of the SANS data. On the contrary, SASSIE finds the addition of betaine results in greater conformational sampling of the disordered tails, from being collapsed near the sides of the protein to being partially extended. In our previous studies of the interaction of betaine with folate and other compounds, we found betaine can compete with water to form stable interactions.^[@ref56]^ Betaine prefers to interact with aromatic surfaces as well as cationic and amide nitrogen atoms, while water prefers to interact with carboxylate, phosphate amide and hydroxyl oxygens.^[@ref56],[@ref57]^ For the case of R67 DHFR, betaine may interact with some residues in the N-termini, hindering the collapsed conformations from being sampled.

Another possible explanation for the extensive sampling of the disordered tails upon addition of betaine may be attributed to changes in the solvent structure. Studies have characterized the effects of solutes on the structure of bulk as well as hydrating water molecules around proteins.^[@ref37],[@ref38]^ The nature and extent of these alterations depend on the chemical properties of the solutes. Polar and hydrophilic surfaces were found to be water structure breakers, whereas hydrophobic surfaces were described as water structure makers.^[@ref37]^ Stabilization of RNase A by 1.5 M sucrose was previously observed, while accompanying pressure perturbation calorimetry studies showed nonlinear effects on α, the apparent coefficient of thermal expansion, Specifically, RNase is less compact in 0.5 M sucrose, as indicated by an increased α, than in the absence of sucrose, while the protein becomes more compact at 1.5 M sucrose, yielding a decreased α.^[@ref38]^ The differences in α were attributed to changes in protein hydration.

Hydration Studies {#sec4-4}
-----------------

Experiments that have examined protein hydration have used varying techniques. A typical approach calculates the accessible surface area (ASA) and divides the value by 9 Å^2^ to predict the number of solvent waters in the hydration shell. This yields a high value. In contrast, experimental approaches often yield smaller numbers of hydration waters. For lysozyme, ASA calculations predict ∼900 waters of hydration.^[@ref27]^ Experimental techniques for studying lysozyme hydration include NMR,^[@ref58]^ excess heat capacity,^[@ref59]^ dielectric relaxation,^[@ref60]^ and X-ray diffraction.^[@ref61]^ These experimental approaches yield 121--900 hydration waters, indicating the value is sensitive to the technique used as well as the experimental conditions employed. A previous SANS study of hydration in lysozyme used different osmolytes.^[@ref27]^ With added betaine, triethylene glycol, PEG400, or PEG1000, 84 ± 5, 114 ± 24, 156 ± 8, or 347 ± 11 hydration waters were observed, respectively, along with different water shell thicknesses. The increase in the number of waters (*n*~w~) may be due to osmotic stress effects combined with volume exclusion as the size of the osmolyte increases.^[@ref45],[@ref62],[@ref63]^ Alternatively, fewer waters may be observed if the osmolyte interacts with the protein surface. Both factors likely play a role in observation of an *n*~w~ value that is lower than the predicted upper limit.

In our SANS studies of R67 DHFR, we used the osmoprotectant, betaine, as it is often excluded from the protein surface.^[@ref64]^ Our SANS experiments allow three areas of different contrast to be delineated: the protein, the bulk solution containing osmolytes, and the hydration shell that excludes osmolytes. The number of water molecules (*n*~w~) responsible for the exclusion of betaine from the truncated R67 DHFR surface was found to be 380 ± 105. This value is smaller than the predicted value of 1230--1297 waters from ASA calculations from the crystal structures (2RH2^[@ref8]^ and 2GQV([@ref9])).

Because of the high resolution and low temperature factors of the 1.1 Å resolution structure of R67 DHFR (2GQV), 85 waters per monomer were identified in the first hydration shell (e.g., formation of a H-bond with the protein surface) and 106 in higher-level shells.^[@ref9]^ This yields 340 waters in the first hydration shell of the tetramer. This value compares to that from our SANS experiment with truncated R67 DHFR that yields an *n*~w~ value of 380 ± 100. Thus, both SANS and crystallography appear to measure polar bound waters.

When SANS was performed on full-length R67 DHFR, addition of both betaine and DMSO yielded *n*~w~ values of ∼1250 waters hydrating the protein surface. This value is lower than the average *n*~w~ value of 1800 waters predicted using ASA calculations on PDB files generated by MD and directed Monte Carlo analyses in SASSIE. We also counted the average number of waters associated with the R67 DHFR tetramer in our MD trajectories and found an average of 1647 (range of 1446--1879). Again, the experimental value is lower than the predicted upper limit, suggesting some level of interaction of the osmolyte with the protein surface.

When the *n*~w~ values for truncated (380) and full-length R67 DHFRs (1200) are compared, the difference is 900 waters. This indicates each N-terminus is well-hydrated by ∼225 waters.

To test whether betaine and DMSO were interacting with R67 DHFR, we performed DSC experiments. Excluded osmolytes typically increase the stability of proteins by increasing the level of hydration, while interacting osmolytes decrease protein stability.^[@ref21],[@ref65]^ Additionally, DSC experiments of intrinsically disordered proteins (IDPs) typically lack cooperative structural transitions,^[@ref48],[@ref49],[@ref66]^ so our results appear to report on the effects of the osmolyte on the structural core of the protein. This idea is supported by a similar 4--5 °C increase in *T*~M~ when betaine is added to either truncated or full-length R67 DHFR. Thus, betaine appears to be mostly excluded from the surface of the core of the R67 DHFR structure (supported by DSC results), while there is some level of interaction of the osmolyte with the disordered N-termini (supported by our deuterated betaine SANS and PPC results).

Addition of 20% betaine increased the *T*~M~ values by 4--5 °C for both full-length and truncated R67 DHFRs, while addition of 20% DMSO decreased the *T*~M~ values by 5--7 °C. These results were surprising given that the numbers of hydrating waters for these two osmolytes were within error as measured by our SANS experiments. Though the *n*~w~ values are similar, the water location may vary. DMSO can form hydrophobic interactions, whereas betaine interacts with aromatic, amide, and cationic nitrogens exposed on the protein. Thus, both osmolytes may lead to the exclusion of water from different protein surfaces, which can in turn result in the variable effects on protein stability.

Conclusion {#sec5}
==========

While it is confounding that disordered regions can provide some level of stability to a folded protein, we find this is the case for R67 DHFR. From our SANS data, we find the disordered N-termini prefer to sample conformational space near the sides of the apoprotein. This allows both N-termini to interact with themselves as well as the monomer--monomer interface, providing 2.6 kcal/mol of stability to R67 DHFR.^[@ref7]^

According to van der Lee et al.,^[@ref67]^ entropic chains are a form of IDP that remain disordered. This applies to the N-termini of R67 DHFR as they do not fold upon addition of a ligand. Addition of betaine to R67 DHFR results in a larger *R*~g~ and SASSIE fits that predict a wider sampling volume. These results suggest the N-termini are responsive to their environment. It is tempting to speculate that in the cell, the N-termini may interact in a similar fashion with small molecules or macromolecules and provide an entropic bristle function where they sweep out volume around the protein core. This would prevent large molecules from entering this space but allow penetration of small molecules.^[@ref68]^ Entropic bristles have also been proposed to enhance protein solubility and prevent aggregation.^[@ref44],[@ref69]−[@ref71]^ Finally, we note there are several R-plasmid DHFRs that differ only in the sequence of their N-termini.^[@ref10]−[@ref12]^ All have N-termini of similar lengths, which indicates it may be the length of the N-termini more than the sequence that is important for its function. A longer disordered sequence (as in our His-tag constructs cloned in pRSETB with an additional 30 amino acids) leads to ∼2-fold increases in *K*~m~ values for NADPH and DHF.^[@ref72]^ Another study found the R67 DHFR N-terminal sequence was essential for evolvability.^[@ref73]^ These various observations suggest that R67 DHFR's disordered N-termini play roles in stability, solubility, evolvability, and substrate access.

Finally, both the betaine studies and the preferential hydration measurements indicate the disordered tails are highly hydrated, consistent with large, exposed surface areas. These data sets support the importance of water and solutes in the R67 structure--function relationship. As the disordered segments are exposed and our SANS results show the polar regions are well hydrated, it seems likely that betaine can compete well with water for solvation of aromatic groups. Indeed, Uversky suggested intrinsically disordered proteins (IDPs) are "multifarious interactors".^[@ref68]^ While he meant IDP can often interact with various protein partners, here we wonder if disordered regions can interact with different solutes, which can subtly change their behavior. This would add another layer of complexity to the role of IDP and disordered regions in the cell.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.biochem.7b00822](http://pubs.acs.org/doi/abs/10.1021/acs.biochem.7b00822).A 20% SDS--PAGE gel indicating clear separation of full-length and truncated R67 DHFRs, a flow diagram of our steps using MD and SASSIE to find N-terminal conformers that fit the SANS data, another figure depicting the SANS profile and GNOM analysis for truncated R67 DHFR as well as a dimensionless Kratky plot comparing full-length and truncated R67, the COM position for the N-terminal methionine of apo R67 DHFR conformers that fit the SANS data, SASSIE analysis of the data of the binary complex (R67 DHFR--NADP^+^), the ternary complex (R67 DHFR--NADP^+^--DHF), and R67 DHFR in the presence of 20% deuterated betaine, plots of *R*~g~ for full-length and truncated R67 DHFR probed after addition of betaine or DMSO, data mining plots for apo and ternary complex fits, and two tables listing *R*~g~ values from the various programs and *T*~M~ values from DSC data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_001.pdf))Excel sheet from the data mining of apo conformers ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_002.xlsx))Excel sheet from the data mining of ternary conformers ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00822/suppl_file/bi7b00822_si_003.xlsx))
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ASA

:   accessible surface area

COM

:   center of mass

DHF

:   dihydrofolate

DHFR

:   dihydrofolate reductase

DMSO

:   dimethyl sulfoxide

DSC

:   differential scanning calorimetry

IDP

:   intrinsically disordered protein

*I*(0)

:   zero-angle scattering intensity

MD

:   molecular dynamics

MTA buffer

:   100 mM MES, 50 mM Tris, and 50 mM acetic acid

NADP^+^ and NADPH

:   oxidized and reduced nicotinamide adenine dinucleotide phosphate, respectively

NMR

:   nuclear magnetic resonance

NTA

:   nitrilotriacetic acid

*n*~w~

:   number of water molecules

PDB

:   Protein Data Bank

PEG

:   polyethylene glycol

PPC

:   pressure perturbation calorimetry

*q*

:   scattering angle

*R*~g~

:   radius of gyration

SANS

:   small angle neutron scattering

THF

:   tetrahydrofolate

*T*~M~

:   melting temperature.
